ABSTRACT | Background: Tests that are usually employed for the clinical assessment of muscular strength have notable disadvantages. The Modified Sphygmomanometer Test (MST) is a promising method because it is low-cost and provides objective measures. Objectives: To investigate the most adequate method and sources of outcome values for the assessment of strength with the MST. Method: Methodological study with 40 healthy adults (22.98±2.26 years), who did not practice physical activity regularly. The strength of the flexors and extensors of the elbow and knee, the handgrip of the dominant side and anterior trunk flexors were randomly assessed with portable dynamometers and the MST (bag and cuff adaptations, and sphygmomanometer without adaptation) by a single examiner. An independent examiner read and recorded the values. The sources of the investigated outcome values were the first trial and the means of two and three trials. One-way ANOVAs and Pearson Correlation Coefficients were used for the analyses (α=0.05). Results: For the MST methods applied to assess all muscular groups, similar values were found for all sources of outcome values (0.01<F≤0.26; 0.77≤p≤1.00) with significant and positive correlations between the measures obtained with the dynamometers (0.51≤r≤0.94; p≤0.003). Conclusions: All MST methods showed adequate results for the assessment of strength in healthy individuals, and after familiarization, only one trial was sufficient to provide reliable measures. The sphygmomanometer without adaptation is not time consuming, compared to the other adaptations, and showed the capability of measuring higher values of strength. The bag method was easily trained to be used and stabilized.
Introduction
Given the need for an objective assessment of muscular strength within clinical settings and the limitations of commonly used methods to measure this outcome, such as the manual muscle testing (MMT) and the portable dynamometry, the Modified Sphygmomanometer Test (MST) is an interesting alternative. Although the MMT is widely used within clinical contexts, it is a descriptive, subjective and less sensitive method 1 . The portable dynamometer is capable of providing accurate, valid, reliable, and sensitive measurements of strength [2] [3] [4] ; however, its relatively high cost has hindered its use in most clinical contexts, including those in which there are insufficient financial resources. The MST provides objective, reliable, and valid measurements of strength [5] [6] [7] , and it has a low cost relative to the dynamometer.
The MST involves an aneroid sphygmomanometer, a device that is portable, easily obtained, and commonly acquired by healthcare professionals for the measurement of blood pressure. This is a quick and easy test, which follows procedures similar to those used with the MMT and portable dynamometers 6 . However, some type of adaptation to the conventional sphygmomanometer is usually required 8 . A systematic review showed that the MST has been used with the sphygmomanometer adapted in the bag and cuff methods 8 . The validity and reliability of the measurements obtained with these adaptations have been investigated for the upper limb (UL) muscles in healthy adults 7, 9 , the elderly 6 , and individuals with rheumatoid arthritis 10 as well as in the lower limb (LL) and trunk muscles in individuals with rheumatoid arthritis 5 and low back pain 11 . The results were significant and of moderate to high magnitude 12 . However, it is unknown whether this method is better than the others. In addition, the use of the MST without adaptation of the sphygmomanometer could expand its use, but
has not yet been investigated.
Most studies using the MST 8 used the mean of three trials to obtain a final result. However, no study has investigated the best way to operationalize the test, that is, to determine how many repetitions are required to obtain reliable measurements. Should lower number of repetitions be sufficient, the feasibility of using the MST within clinical settings will be greater 13 . The MST has the potential to be used within clinical contexts because it uses portable and lowcost equipment that is easily accessible to healthcare professionals and provides objective measurements of strength. Therefore, the establishment of the best method for its use is required. Thus, the present study aimed to investigate the best method (bag, cuff, and non-adapted sphygmomanometer) and the most appropriate sources of outcome values (first trial and means of two and three trials) for the assessment of strength with the MST.
Method Participants
Healthy young adults of both genders were recruited from the general community, according to the following criteria: Had ages between 20 to 30 years, physical activity levels rated as insufficient or inactive
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, and were able to perform the proposed tests. Health conditions that could affect the measurement of strength and the presence of pain during the evaluations were used as exclusion criteria. All participants provided consent, based upon previous approval from the University Ethical Research Committee of the Universidade Federal de Minas Gerais (UFMG), Belo Horizonte, MG, Brazil (# 04 92.0.203.000-10).
Procedures
After verification of eligibility, demographic and physical data were collected from all participants. Their dominant UL was determined as the limb most frequently used to write 15 , while the dominant LL as the one they would more easily kick a ball 16 . In total, 40 subjects were included, whose demographic and physical characteristics are given in Table 1 .
The strength of the elbow and knee flexor and extensor muscles on the dominant side was evaluated with a Microfet2 ® digital manual dynamometer (Hoggan Health Industries, UT, USA), and grip strength with the SAEHAN ® hydraulic hand dynamometer (SAEHAN Corporation, Korea, Model SH5001). A DuraShock TM Tycos ® aneroid sphygmomanometer (Welch Allyn Inc., NY, USA, Model DS-44) was used for the evaluation of all muscular groups by three methods (bag and cuff adaptations and non-adapted sphygmomanometer).
For the bag method adaptation, the inflatable part of the outer velcro constituting the cuff of the equipment was removed, and this structure was folded into three equal parts and placed in a cotton bag with a zipper 5 . After being adaptated, the modified sphygmomanometer was 3.5 cm long, 10 cm wide, and 7 cm thick ( Figure 1A ). For the cuff method adaptation, the inflatable part, inserted into the velcro cuff, was folded into four equal parts, and the remainder of the cuff was wrapped around the inflatable part 5 and fixed with adhesive tape. Once adapted, the modified sphygmomanometer had the following dimensions: 14 cm long, 6 cm wide, and 4.5 cm thick ( Figure 1B ). The dimensions of the non-adapted sphygmomanometer were 27 cm long, 14 cm wide, and 9 cm thick ( Figure 1C ).
All employed equipments (portable dynamometers and sphygmomanometer) were acquired for the present study and arrived factory-calibrated, according to the manufacturers' instructions. Before the strength assessments, the principal investigator randomized the equipment order, by drawing. After the adaptation of the sphygmomanometer and before its use for data collection, calibration procedures were performed with 5 kg weights to verify whether the equipment provided consistent measurements throughout the study, for possible adjustments of systematic errors, if necessary. Due to the methodological nature of the study, the identification of systematic errors is crucial 17 , and possible sources of systematic error could be the loss of calibration of the sphygmomanometer, which was used for all the MST measurements. This calibration procedure was performed according to previous recommendations 6 , as follows: The sphygmomanometer was inflated to 100 mm Hg and its valve was kept closed to remove the folds from the inflatable portion. Then, the pressure was reduced to 20 mm Hg, and the valve was closed again to prevent leakage 6 , providing a measurement range between 20-304 mm Hg. To stack the weight plates on the equipment, a wood apparatus was built to keep them aligned ( Figure 2 ). All weights were numbered and consistently stacked on top of each other in the same sequence. The correlation between the weights (plates) and the values in mm Hg was high (0.97≤r≤1.00; p≤0.001), with a 2-13% coefficient of variation. No systematic errors were observed.
After calibration, the first examiner (examiner 1) performed the strength assessments and the second examiner (examiner 2) independently read and recorded all the measurement values. The use of two independent observers is recommended to ensure the internal validity of methodological studies, and for this reason, this procedure was adopted 17 . Both examiners were previously trained in their respective functions: examiner 1 to perform all procedures established for the strength measurements (detailed later), and examiner 2 to correctly read and record the strength values obtained with the dynamometers and sphygmomanometer. The manometer of the sphygmomanometer was analogic with measurement scale intervals of 2 mmHg.
The strength assessments followed the order of the equipment determined by randomization. The entire procedure for data collection, including the positioning of the participant, the body segment, and the used equipment, as well as the verbal feedback provided during the tests, was standardized, following recommendations in the literature [18] [19] [20] [21] [22] [23] and detailed below. For all equipment/assessment methods, the same procedures were adopted to ensure the internal validity of the study 17 . Thus, the only carried out change was related to the device/method: portable dynamometers or sphygmomanometer with three different methods (bag and cuff adaptations and without adaptation).
The following positions were adopted: for the evaluation of elbow flexors and extensors, the subjects remained in supine position with their forearms in the neutral position and elbows flexed at 90°1 8 ; for the knee flexors and extensors, they were seated on a table, with their legs hanging naturally over the edge of the table at approximately 90 degrees and hands on the thighs 20 ; the handgrip measurements were obtained with the subject seated on a chair without armrests, feet supported, shoulders adducted, forearms in the neutral position and elbows flexed 90°1 9 ; the assessment of the anterior trunk flexors was conducted with individuals sitting on a chair without armrests, feet supported, knees bent at 90° and hands relaxed and resting on the thighs 23 . The participants were instructed not to perform compensatory movements during the strength tests.
The equipment placement was as follows: elbow flexors, distal and anterior to the forearm 24 ; elbow extensors, distal and posterior to the forearm 24 ; trunk flexors, on the sternum below the jugular notch 23 ; knee flexors, distal and posterior to the leg 24 , and knee extensors, distal and anterior to the leg 24 . The sphygmomanometer was positioned parallel to the segment in a way to resist the movement of the tested muscle group.
Immediately prior to the strength assessments, a demonstration and familiarization with the equipment and procedures were performed. During testing, the subjects were instructed to perform a maximal isometric contraction for 5 s, and the peak force value was recorded. The volunteers received verbal encouragement to initiate the movement and to hold the contraction: "one, two, three, and now! Force!... . Three trials were obtained for each assessed muscle group, and a 15 s restinterval was provided between the repetitions 22 . The muscle groups were always evaluated in the same order: the elbow and knee flexors and extensors and then, the anterior trunk flexors and handgrip. Before each measurement, the examiner ensured the preinflation of the equipment to 20 mmHg.
Statistical analysis
Descriptive analysis and normality tests were performed for the categorical variables and the main outcome measurements of strength. To compare the strength values obtained for each muscular group and the different sources of outcomes (first trial and the means of two and three trials) for a particular MST method (bag, cuff, or without adaptation), one-way analysis of variance (ANOVA) was employed. To determine the correlations between the measurements obtained with the portable dynamometer and the MST methods, considering the various sources of outcomes and muscular groups, Pearson's correlation coefficients were calculated. When the coefficients reached significance, the magnitudes of the correlations were classified as follows 12 : very low ≤0.25; low: from 0.26-0.49; moderate: 0.50-0.69; high: 0.70-0.89; and very high: 0.90-1.00. All analyses were performed using SPSS for Windows (SPSS Inc., Chicago, IL, USA), with a significance level of 5%. Table 2 gives the descriptive data of the strength measurements for all MST methods, as well as the ANOVA results regarding the comparisons between the various sources of outcomes. The values provided by the different sources of outcomes were similar for all evaluated methods (0.01<F≤0.26; 0.77≤p≤1.00). Furthermore, the sample size varied according to the assessed muscular group and the MST method. As shown by the n value, the nonadapted sphygmomanometer was able to provide measurements of all assessed muscular groups. For the bag adaptation, 27 strength measurements were lost, whereas for the he cuff adaptation, 19 measures were lost, with the greatest losses arising from the evaluations of the knee extensors and handgrip muscles. These losses were due to equipment limitations in reading the strength values of very strong individuals and to the difficulty of the evaluator in stabilizing the body segment during the measurement of the knee extensor muscles of one of the participants.
Results
For all muscular groups and sources of outcomes, significant and positive correlations were observed between the measurements obtained with the portable dynamometers and the three MST methods (Table 3 ). The magnitudes of the correlations were classified as moderate to very high (0.51≤r≤0.94; p≤0.003). In general, the nonadapted sphygmomanometer and the bag adaptation showed correlations that were similarly classified and of greater magnitude, compared with those of the cuff adaptation to most muscular groups.
Discussion
To our knowledge, the present study was the first to investigate the best MST method for the assessment of muscular strength in healthy individuals. In addition, it aimed to determine whether the sphygmomanometer without any type of adaptation was an appropriate method for assessing strength and to identify the best source of outcome values when using the MST. All MST methods demonstrated significant and suitable correlations with the portable dynamometer for all sources of outcomes. However, some distinct characteristics between the methods should be considered. Among the studies that evaluated the associations between the measurements obtained with the MST and portable dynamometry, which is considered the gold standard for the assessment of isometric strength 2 , significant and high correlations (0.75≤r≤0.98) were found only for the elbow flexors of healthy individuals using the cuff adaptation 9 , handgrip muscles of elderly individuals 25 , and healthy adults using the bag 7,26 and cuff 27 adaptations, as well as the anterior trunk flexors of healthy individuals and individuals with low back pain using the bag adaptation 11 . Most previous studies have investigated the correlations between the MST and portable dynamometry measures of UL muscular groups, while no study has evaluated these associations for the LL muscles or made use of the non-adapted sphygmomanometer.
Two studies used the bag and cuff adaptations for the assessment of strength of individuals with rheumatoid arthritis and found no significant differences between the measurements provided by the two methods 5, 10 . However, the authors showed differences between the two MST adaptations and reported that the bag adaptation is more elastic, requires more air in the pre-inflation of the equipment, has a larger contact area with the skin of the participant and reaches higher pressure values when an external force is applied 5, 10 . In the present study, the measurements obtained with the bag adaptation showed higher values than those obtained with the cuff adaptation only for the elbow flexors and the handgrip muscles, with the other measurements showing similarities between the two methods or lower values with the bag adaptation (knee flexors and anterior trunk flexors). The measurements obtained with the non-adapted sphygmomanometer were lower than those registered with other methods for all assessed muscular groups, possibly due to its larger contact area, which may have provided lower pressure values, when subjected to external forces.
The MST investigation using the non-adapted sphygmomanometer aimed to raise the potential clinical use of the equipment, because it does not require any extra cost or any time demand from the professional to perform certain adaptations. Moreover, this was the only method capable of providing measures of strength for all assessed muscular groups and individuals, with the exception of the knee extensors of a male participant, whose strength could not be evaluated by examiner 1, even with the dynamometer, due to the difficulty of manual stabilization of the segment. This problem most likely occurred due to a particular limitation of the examiner, who was not able to exert the necessary force to adequately stabilize the segment when this muscle group exerted its maximum isometric strength. This type of limitation has been described in the literature for the evaluation of the strength of major muscular groups with portable dynamometry 28, 29 . One disadvantage of the use of the non-adapted sphygmomanometer was the greater difficulty in stabilizing the equipment, most likely due to its larger contact area (378 cm 2 ) in relation to the assessed segment and the examiner's hand, requiring more training for the evaluator to perform the test. When using such a method to evaluate strength, in addition to maintaining the flattened hand on the equipment, it is necessary that the examiner be able to stabilize the sphygmomanometer distally, avoiding even slight movements of the segments, as they might lead to slippage of the equipment and the need to repeat the measurement. This method required a greater need for training and more repetitions, because the loss of the necessary stabilization occurred more frequently.
The cuff adaptation is a simple, quick, and low cost method that uses readily available materials and can be easily used by professionals. Moreover, it is easily stabilized by the examiner, unlike the non-adapted sphygmomanometer. An important disadvantage of this method was that many individuals exceeded the readability of the equipment, limiting its use on stronger individuals.
The bag adaptation is the most commonly employed method in the literature 8 , and studies reported that it is able to provide more consistent , compared with the cuff adaptation. Among the three methods, this adaptation showed to be the easiest to be trained and stabilized. Although it requires the fabrication of a cotton bag (average cost of R$15.00), this bag facilitates the stabilization of the equipment and the containment of the inflatable part. However, this adaptation showed a lower ability to assess strength of stronger individuals compared to the other two MST methods.
Regarding the sources of outcome values, some studies investigated the best way to assess strength in healthy individuals with portable dynamometers 30, 31 .
Bohannon and Saunders
31 investigated whether the values and test-retest reliability of three sources of measurements (first trial, highest value, and mean of three trials) to assess the strength of the elbow flexor muscles of healthy individuals were similar and reported no differences. Coldham et al. 30 investigated whether there was a difference in the test-retest reliability of the same sources of outcomes for the evaluation of handgrip strength of healthy individuals and individuals with various health conditions that affected their hands. They found that there were no differences and also reported that only one repetition was necessary. Furthermore, these authors also reported that a greater number of repetitions is more time-consuming 31 and can lead to fatigue 31 and pain
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. Taking into account the results of the present study and the disadvantages of obtaining a higher number of repetitions, only one repetition, after familiarization, could be performed for the assessment of strength in healthy individuals with the MST, regardless of the chosen method.
As previously mentioned, there were no systematic errors or inconsistencies of the measurements in successive calibrations, suggesting that the equipment can be used for repeated measurements of strength. Because the manufacturer recommends a full calibration of the sphygmomanometer every two years (depending upon the frequency of use) in an authorized service 32 , we suggest that this recommendation should be followed when the equipment is used to measure strength. The calibration performed in the present study does not need to be performed within clinical settings.
To ensure the internal validity of the present study, the reading and the recording of all strength measurements were conducted by an assistant examiner, whereas within clinical contexts, the same examiner is responsible for all stages of the evaluation. Future studies should investigate the consistency of the measurements when the same examiner is responsible for implementing the test and reading and recording the values.
The MST shows great potential for the clinical evaluation of strength because it is portable, inexpensive, and showed significant correlations with the portable dynamometer measures for all of the three investigated methods. The different characteristics should be considered when selecting the best method. Some characteristics favor the choice of a particular method. A detailed description of these characteristics was performed, so that the MST method can be selected to prioritize the characteristics that the examiner considers most important. For all the three investigated methods, the use of only one repetition, after familiarization, was shown to be adequate.
